We propose and experimentally demonstrate a photonic millimeter-wave frequency divider based on a super-harmonic injection-locked optoelectronic oscillator (OEO) and an optical frequency comb. The optical frequency comb generator is incorporated into an OEO loop to create broadband comb lines with low noise. By injecting a millimeter-wave with frequency around N times of the fundamental oscillating frequency f 0 of the OEO, the injection signal can be down-converted to an intermediate frequency (IF) signal close to the oscillating frequency of the OEO. The free running OEO is synchronized with the IF signal via an injection locking mechanism. Consequently, it forms an injection-locked frequency divider as the frequency ratio between the injection signal and OEO's output signal is precisely equal to N. We carry out an experiment to divide the 45 GHz signal into 7.5 GHz and the experimental results agree well with the theoretical analysis. By changing the frequency of the injection signal, division ratio from 2 to 5 is also demonstrated on one setup. Due to the broadband spectra of the optical comb and low phase noise characteristics of the OEO, it is potential to realize very large division ratio and low phase noise for multiple input frequencies mf 0 .
Injection-Locked Millimeter

Introduction
As an integral part of the phase-locked loop (PLL), the frequency divider is one of the key components in millimeter-wave applications, such as radar, communication and metrology [1] - [3] . One divider or multi-stage divider is used in a PLL to frequency down-convert the free running multi-GHz waveforms, so as to stabilize them with a fixed, ultra-stable and low-frequency reference [2] . There are two types of frequency divider, namely the digital divider and analog divider. The working bandwidth of the digital frequency divider is limited to several GHz while that of the analog frequency divider can be up to tens of GHz [2] , [4] , [5] . Besides, analog dividers have lower phase noise [4] . As a result, analog dividers are widely used as the prescaler in millimeter-wave PLLs. However, it is challenging to get a large division ratio for high frequency application. Several schemes of injection-locked frequency dividers have been proposed for large division ratios [6] - [8] .
Recently, photonic-assisted approaches are proposed to realize optical frequency division [9] - [11] and microwave frequency division [12] - [15] . Among them, the OEOs were used to achieve microwave frequency division [13] - [15] , which have the potential to obtain the large frequency division ratio and low phase noise, simultaneously. In [13] , a 20 GHz frequency divider with a division factor of 2 was reported based on a super-harmonic injection locked OEO. In [14] , a 24 GHz frequency divider with variable division ratio was demonstrated. In [15] , a wideband microwave frequency divider based on an OEO was demonstrated. By using carrier-suppressed optical double sideband (CS-ODSB) modulation, a frequency division ratio of 2 was realized. However, it is hard to achieve a large division ratio by these methods.
In this paper, we demonstrate a millimeter-wave frequency divider with large division ratio via a super-harmonic injection-locked OEO and an optical frequency comb generator (OFCG). In order to divide the millimeter-wave signal into a signal with lower frequency, we inject it into a freerunning OEO. The frequency of the injected millimeter-wave is close to integer-N times of the OEO's oscillating frequency. We put an OFCG in the OEO loop, so that the optical spectrum is wide enough to cover the Nth modulation sideband of the OEO. In this case, after injecting the millimeter-wave signal into the OEO, the OEO's oscillating frequency can be synchronized with the millimeter-wave signal when the OEO is injection-locked. The injection-locked OEO forms a frequency divider. Experimentally, we divide 5 input frequencies, from 15 GHz to 45 GHz, into a 7.5 GHz signal on one single-stage setup, corresponding to division ratios of 2 to 6. We also investigate the noise characteristics of this super-harmonic injection locked OEO. The measured results agree well with our theoretical predictions. Compared with the previous reported OEO based injection-locked frequency dividers, due to the broadband optical spectra, this photonic frequency divider has great potential to obtain an ultra-large division ratio. Besides, with the progress of the integrated broadband electro-optic frequency comb [16] and OEO [17] , our scheme can be realized on a chip-scale platform in the near future. By using integration techniques, the power consumption of the proposed frequency divider can be reduced. Fig. 1(a) shows the schematic diagram of our proposed millimeter-wave frequency divider. We apply the injection-locked mechanism [18] - [20] to synchronize the OEO and the millimeter-wave signal. As shown in Fig. 1(a) , we inject the input signal into a dual-loop OEO [21] , [22] . The frequency of the injection signal is around N times of the oscillating frequency of the OEO. An optical frequency comb generator is placed in the OEO as a modulator. When the frequency of the OEO is integer-multiples of the free-spectral-range (FSR) of the OFCG [21] , it generates multiple optical comb lines, as shown by the blue lines in Fig. 1(b) . Meanwhile, the injection signal can also create modulation sidebands through the OFCG, as shown by the red lines in Fig. 1(b) . After photo-detection, a beat-note between the modulation sidebands of injection signal and the (N ± 1)th sidebands of the free-running OEO can be generated. The frequency of the beat-note is close to that of the OEO. If it locates at the locking range, the OEO locks onto the injection millimeter-wave signal. After injection-locked, the frequency of the OEO is 1/N of the frequency of the injection millimeter-wave signal. It forms a divide-by-N frequency divider.
Operation Principle
In order to investigate the locking range and phase noise performance of this frequency divider, theoretical analysis is given in the following part.
By assuming the detuning frequency between the seed laser and the cavity resonance is 0, and the single-pass power transmission efficiency is 100%, the output electrical field of the OFCG can be expressed as [23] 
where R is the power reflection coefficient of the F-P facet coating in the OFCG, β 1 and β 2 are the modulation index of the OFCG driven by the OEO and the injection signal, E 0 is the electrical field of the seed laser, ω O E O and ω I N J are the angular frequency of the free-running OEO and the injection signal. We have the condition of
The optical intensity of the output of OFCG is
By substituting Eq. (1) into Eq. (2), the optical intensity can be derived and be expanded by Taylor series as
where P 0 is the optical power injecting to the OFCG. The parameter of γ is defined as γ =
The term of cos γ in Eq. (3) includes the intermodulation components between the OEO and the injection signal. It can be derived as
where J n is the n-th Bessel function of the first kind. The free-running OEO can be injection-locked by the intermodulation components with the frequency close to the OEO. Here, we derive it as
Note that due to the power of the (N + 1)th sidebands are lower than that of the (N − 1)th sidebands, we neglect the intermodulation component between the (N + 1) order harmonics of the OEO and the fundamental frequency of the injection signal. Consequently, the photocurrent of the intermodulation component in Eq. (5) can be expressed as
where η is the responsibility of the PD. The intermodulation component in Eq. (6) can be regarded as an IF down-converted from the millimeter-wave signal. According to the Paciorek's equation [24] , the locking range of the free-running OEO can be described as
where ε = √ P I N J /P O E O . P I N J is the power of the IF signal down-converted from the injection signal, which can be calculated by P I N J = I 2 p h · Z . Z is the impedance of the photodiode, P O E O is the power of the free-running OEO at the output of PD, Q is the quality factor of the OEO. If the frequency of the intermodulation component is within the locking range, then the OEO can be synchronized with the injection signal. So that the angular frequency of the OEO and the injection signal satisfies the following condition
The Eq. (8) can be simplified as
According to Eq. (9), we can conclude that the injection-locked OEO forms a divide-by-N frequency divider. Furthermore, the phase noise performance of this frequency divider can be evaluated by [25] 
where f is the Fourier frequency offset, and the K I L O is defined as
where ϕ is the fixed phase difference between the IF and the injection-locked OEO, which is defined as ϕ = arcsin( ω 0 / ω lock ) [18] . ω 0 is the angular frequency difference between the free-running OEO and the IF before injection-locked. From Eq. (10), we can infer that at the offset within the locking bandwidth, the phase noise can decrease by 20log 10 (N) dB. It leads to the long-term stability of the frequency-divided output signal dominated by the frequency stability of the injection signal. While out of the locking bandwidth, the phase noise of the divider output is mainly determined by the OEO.
Experimental Details and Results
We carry out an experiment based on the setup showing in Fig. 1(a) . The center wavelength of the seed laser is 1550 nm. The FSR of the optical frequency comb generator is 2.5 GHz. The coupling ratio of optical couplers 1 and 2 are 10:90 and 50:50. The lengths of the two fibers are 2 m and 100 m. The bandwidth of the photodiode in use is 10 GHz. The center frequency of the electrical band-pass filter is 7.5 GHz. The coupling ratio of electrical couplers 1, 2, and 3 are 50:50, 10:90, and 50:50. The injection millimeter-wave signal is generated by a commercial frequency synthesizer. The power of the injection signal is about 4 dBm. An optical comb with triangular-profile spectra is obtained, as shown in Fig. 2 . The repetition rate is 7.5 GHz. After injecting a 45-GHz signal, the amplitudes of the 6th sidebands are higher than that of the free running OEO, like the red curve in Fig. 2 . The output of the frequency divider is monitored by an electrical spectrum analyzer at one output port of the EC 2. Fig. 3(a) shows 5 input injection signals with frequencies from 15 GHz to 45 GHz, and the output 7.5 GHz signal, corresponding to division ratio of 2 to 6. It is potential to realize higher operation frequency when a larger modulation bandwidth of OFCG is used.
Locking range is one of the key parameters of the injection-locked frequency divider. To verify the locking range of our photonic frequency divider, we slightly tune the frequency of the injection signal, meanwhile, keeping the locking state. Fig. 3(b) presents the maximum tuning range of the injectionlocked OEO. Correspondingly, the locking range is 20 kHz. In fact, this result is in agreement with the theoretical estimation. According to Eq. (7) and experiment conditions, ε = √
4 , in our system, the estimated locking range is around 25 kHz. Within the locking range, the operation frequency of this photonic microwave frequency divider can be continuously tuned. We can further enlarge the locking range by decreasing the Q value of OEO or by increasing the injection ratio.
To confirm the injection-locked state, we measured the transient response of this frequency divider. Fig. 4(a) and (b) show the evolution of the frequency and phase of the OEO during the injection locking process. The measurement time is 20 ms. Due to the long-term stability of the injection signal is better than that of the free-running OEO, the frequency fluctuation of the OEO decreases after injection-locked, as shown in Fig. 4(a) . The locking-time is about 200 us. Besides, the phase experiences an abrupt change during the locking process, as shown in Fig. 4(b) .
We also measure the single-sideband phase noise of the 45 GHz injection signal, the freerunning OEO, and the injection-locked OEO, as illustrated in Fig. 5 . To investigate the phase noise performance of our proposed frequency divider, we use Eq. (10) to calculate the phase noise of the injection-locked OEO, as shown by the green curve. In this calculation, we substitute the experimental phase noise results of the injection millimeter-wave signal and OEO into Eq. (10). The frequency division ratio is set to 6. The locking bandwidth is 20 kHz, which is estimated by Eq. (11) . Within the locking bandwidth, the phase noise is about 15 dB lower than that of the injection signal. This result agrees well with the theoretical calculation (20log10(6) = 15.6 dB). While beyond the locking bandwidth, the phase noise of the divider output is mainly determined by the OEO. The spurs around the offsets of 2 MHz and 4 MHz are induced by the side-modes of the OEO. Due to the low noise characteristic of the OEO, beyond the locking bandwidth, the proposed frequency divider can have lower phase noise than that of those conventional frequency dividers.
To investigate the phase noise of the output of the frequency divider with different injection signals, we also measure the SSB phase noise of different injection-locked OEOs (Indicated as the green circle) and the injection signals (Indicated as the olive circle), as shown in Fig. 6 . The frequency of the injection signals is from 15 to 37.5 GHz with a step of 7.5 GHz. For each injection signal, the corresponding injection-locked OEO output suffers a phase noise decrease given by 20log 10 (N) at the frequency offset below 100 kHz. This trend is in agreement with the phase noise model in Eq. (10).
Conclusion
In summary, we have demonstrated a novel millimeter-wave frequency divider to overcome the division ratio limitation via a photonic approach. We use an injection-locked OEO to synchronize the millimeter-wave and the optical comb. The repetition rate of the optical comb is a fractional of the frequency of the millimeter-wave. Due to the broadband optical spectra of the optical comb, an ultra-large division ratio can be achieved. The phase noise decreasing in the locking range satisfies the relationship 20log 10 (N) between the injection signal and the output signal. Out of the locking range, the phase noise performance benefits from the OEO's low phase noise. Additionally, the frequency divider can divide multiple input frequencies (N f 0 ) into the fundamental oscillating frequency (f 0 ) of the OEO by one single-stage setup. In the future, a variable division ratio can be realized by a tunable OEO [26] .
